Campylobacter jejuni is the leading cause of foodborne gastrointestinal illness worldwide, and chemotaxis plays an important role in its host colonization and pathogenesis. Although many studies on chemotaxis have focused on the physical organization and signaling mechanism of the system's protein complex, much less is known about the transcriptional regulation of its components. Here, we describe two novel regulators, CJJ81176_0275 and CJJ81176_0276 (designated as CheP and CheQ), which specifically activate the transcription of the chemotaxis core genes cheV, cheA and cheW in C. jejuni and they are also essential for chemotactic responses. CheP has a single HD-related output domain (HDOD) domain and can promote CheQ binding to the cheVAW operon promoter through a protein-protein interaction. Mutagenesis analyses identified key residues critical for CheP function and/or interaction with CheQ. Further structural characterization of CheQ revealed a novel fold with strong positive surface charges that allow for its DNA binding. These findings reveal the gene regulatory mechanism of the chemotaxis system in an important bacterial pathogen and provide potential anti-virulence targets for campylobacteriosis treatment. In addition, ChePQ is an example of how proteins with the widespread but functionally obscure HDOD can coordinate with a signal output DNAbinding protein/domain to regulate the expression of important signaling pathways.
Introduction
Campylobacter jejuni is the most common bacterial cause of foodborne infection around the world, with a CDC estimate of 1.3 million human campylobacteriosis cases each year in the United States and approximately 9 million cases in the European Union ((BIOHAZ), 2011; (CDC), 2013) . The symptoms of Campylobacter infection are often self-limiting, including diarrhea, bloody diarrhea, fever and abdominal cramps, but they can be fatal among young children, the elderly and immunosuppressed individuals (Zilbauer et al., 2008) . Moreover, with increasing cases of resistance to antibiotics that are commonly used to treat them, C. jejuni infections are considered to be a serious threat to public health (Hampton, 2013; Zhao et al., 2016) . Chemotactic motility plays an essential role in C. jejuni pathogenesis during host colonization. Several genome-wide screenings of virulence factors in C. jejuni using mammalian cells or different animal models have all suggested that C. jejuni Che -or nonmotile mutants have the most severe invasion or colonization defects (Hendrixson and DiRita, 2004; Novik et al., 2010; Gao et al., 2014; de Vries et al., 2017a) . Understanding the chemotactic characteristics of C. jejuni is of great importance to gain insights into its infectious processes and may provide new anti-infective strategies to overcome the antibiotics crisis. Chemotaxis systems have been extensively studied in the model organisms Escherichia coli and Salmonella enterica serovar Typhimurium (Parkinson and Kofoid, 1992; Bourret and Stock, 2002; Parkinson et al., 2015) . These studies have shown that the core signaling complex consists of membrane-bound chemoreceptors, coupling protein CheW, histidine kinase CheA and response regulator CheY, with the last directly interacting with flagellar motor switch protein to bias swimming behavior. In addition to these core components, some bacteria also possess auxiliary proteins that can regulate the signaling process, such as chemoreceptor modification enzymes CheB/CheR, CheW-REC hybrid coupling protein CheV and phosphatase CheZ. To date, all of the reported transcriptional regulators affecting chemotaxis gene expression are global regulators that also control several other cellular processes, such as flagellar assembly, biofilm formation, metabolism and stress response (De Wulf et al., 2002; Fink et al., 2007; Martinez-Granero et al., 2014; Yaryura et al., 2015) . No transcriptional factors have been identified that exclusively act on the chemotaxis signaling pathway. Given the crucial role of chemotaxis in bacterial adaptation and virulence, it is important to understand how bacteria regulate the gene expression of this remarkable machinery.
In contrast to E. coli and Salmonella, C. jejuni has a more complex chemosensory repertoire and more sophisticated signaling control pathways, which make it an interesting model for signal transduction studies Day et al., 2016) . Compared to the 5 chemoreceptors in E. coli and 4 in its close relative Helicobacter pylori, C. jejuni species possess ~10 chemoreceptors, designated as transducer-like proteins (Tlps) and 2 aerotaxis receptors (Aer1-2) (Marchant et al., 2002; Day et al., 2012) . For example, in strain C. jejuni 81-176, Tlp1, 2, 4, 7, 10 are membrane-bound proteins that can sense extracellular stimuli; Tlp6 and Tlp8 are cytoplasmic receptors that detect intracellular physiological changes; Tlp9 and Aer2 (renamed as CetA and CetB) form PAS/HAMP pairs functioning in energy taxis; and tlp3 and tlp5 are pseudogenes (Marchant et al., 2002; Elliott and Dirita, 2008) . As for the signaling proteins involved in phosphorylation, the CheA kinase of C. jejuni is a hybrid of a histidine kinase and a response regulator with a receiver domain at its C-terminus, and is thus called CheAY (Wuichet et al., 2007) . C. jejuni also contains two extra phosphatases, CheX and FliY, in addition to CheZ, and a novel chemotaxis protein ChePep that is restricted to Epsilonproteobacteria (Howitt et al., 2011; Lertsethtakarn et al., 2015) . The inactivation of chePep leads to a hyper-reversal phenotype and mislocalized CheZ in H. pylori, although the mechanism is yet unclear (Howitt et al., 2011; Lertsethtakarn et al., 2015) . The presence of these versatile chemoreceptors and signaling proteins suggests that the chemotactic response in C. jejuni must be highly sensitive and how this bacterial pathogen regulates gene expression of this complex system is an intriguing question.
We have discovered that two previously reported colonization determinants of C. jejuni, CJJ81176_0275 and CJJ81176_0276 in C. jejuni 81-176, specifically activate transcription of the operon encoding CheV, CheA and CheW. Genetic, biochemical, mutagenesis and structural analyses demonstrated how these two proteins interact to bind to the cheVAW promoter region and affect chemotaxis core gene expression and the subsequent chemotactic behavior. In addition, this study revealed that the widespread HD-related output domain (HDOD) with a previously unknown function can coordinate with a signal output DNA-binding protein to regulate the expression of an important signaling machine.
Results

Colonization factor CJJ81176_0275 encodes an HDOD only protein and is co-transcribed with CJJ81176_0276 of unknown function
CJJ81176_0275 (homolog of Cj0248 in C. jejuni NCTC 11168) was first identified as a determinant required for C. jejuni to colonize the chick gastrointestinal tract from a previous transposon mutagenesis screen (Hendrixson and DiRita, 2004) . Two recent comprehensive TnSeq screenings also identified this gene and its downstream gene, CJJ81176_0276, as C. jejuni fitness genes for mouse and piglet intestinal colonization (Gao et al., 2017; de Vries et al., 2017b) . These two genes are adjacent to each other in all the sequenced genomes of C. jejuni and C. coli strains (Fig. S1) , and semi-quantitative RT-PCR results indicated that they are co-transcribed (Fig.  1A) . The same mutant colonization phenotype and cotranscribed operon organization suggest that these two proteins are likely functionally related.
The upstream gene CJJ81176_0275 encodes a standalone HDOD protein that lacks the conserved doublet of catalytic histidine-aspartate (HD) residues of the HD phosphohydrolase (Aravind and Koonin, 1998; Galperin, 2006) . Although the structure of a CJJ81176_0275 homolog shows certain similarity to cyclic dinucleotide phosphodiesterases, it cannot function as phosphodiesterase due to the lack of metal coordinating residues and lack of metal binding site (Xu et al., 2006) . This structural implication was confirmed recently by enzymatic assays performed with a CJJ81176_0275 homolog from Xanthomonas citri, for which no significant phosphatase, phosphodiesterase or pyrophosphohydrolase activity was detected (Vieira et al., 2017) . In contrast to the universal presence of CJJ81176_0275 homologous genes or HDOD domains in different bacteria, homologs of the downstream CJJ81176_0276 are only found in Campylobacter species and its close relatives belonging to the Epsilonproteobacteria (Fig. S1 ). Sequence analysis of CJJ81176_0276 did not identify any known motif or domain. Therefore, despite the strong colonization defective phenotype of their mutants in different animal infection models (chicken, mouse and piglet), the function of these two proteins remained to be discovered.
Both CJJ81176_0275 and CJJ81176_0276 affect C. jejuni motility on solid medium
To characterize their cellular functions, targeted knockout mutants were created for CJJ81176_0275 and CJJ81176_0276 genes in C. jejuni 81-176. Growth curve assays indicated that the mutation of these two genes did not affect C. jejuni growth in rich brain heart infusion (BHI) liquid medium (Fig. 1B) . However, soft agar motility assays suggested that both mutants have reduced motility compared to the wild-type strain, especially △CJJ81176_0276, which showed significant motility defects on soft agar (Figs. 1C and S2 ). Reintroduction of a wild type copy of these two genes elsewhere in the chromosome restored the motility defect in △CJJ81176_0275, but only partially restored it in △CJJ81176_0276 (Figs. 1C and S2). To further exclude the polar effect of mutations in CJJ81176_0276 on its downstream gene that overlaps it by 32bp but is transcribed in an opposite direction, we generated a knockout mutant for both CJJ81176_0275 and CJJ81176_0276, and then reintroduced the wildtype copy of the operon containing these two genes with their native promoter. The double knockout mutant △CJJ81176_0275-0276 showed greatly reduced motility similar to △CJJ81176_0276, while complementation of both genes in this mutant reversed the motility defect (Fig. 1D) . These results indicate that the functions of CJJ81176_0275 and CJJ81176_0276 are related to motility, and that the expression level of CJJ81176_0276 may be important for its function.
To further investigate the involvement of these two proteins in motility, we examined the swimming abilities of △CJJ81176_0275 and △CJJ81176_0276 under a phase contrast microscope, and both mutants showed overall indistinguishable swimming ability with the wild type strain (Movies S1-S3). Taken together, mutations of CJJ81176_0275 or CJJ81176_0276 affect C. jejuni motility on soft agar but not swimming in liquid. Hence, we suspect that these two proteins are directly involved in chemotaxis.
CJJ81176_0275 and CJJ81176_0276 regulate cheVAW operon expression
To gain insights into the physiological roles of these two genes, we performed RNA-seq for their mutants. Compared to the transcriptome of the wild type, both △CJJ81176_0275 and △CJJ81176_0276 showed very similar transcriptomic profiles. The most differentially expressed genes in both mutants were five genes in one operon, namely cheV, cheA, cheW, serB and tal (Tables 1  and S1 ). These five genes showed 2~15-fold downregulation in both mutants, and more interestingly, no other genes showed significant mRNA level changes in both mutants compared to the wild type strain (Table S1 ). To verify the RNA-seq results, qRT-PCR was performed to measure the mRNA levels of cheV, cheA and serB genes in the wildtype C. jejuni 81-176 strain and the two mutants ( Fig. 2A) . The results suggest that inactivation of CJJ81176_0275 Table S1 .
Fig. 2. CJJ81176_0275 and CJJ81176_0276 regulate the expression of cheVAW operon.
A. Expression levels of cheV, cheA and serB measured by qRT-PCR in the indicated strains compared to their expression levels in the wildtype C. jejuni 81-176. B. The effects of CJJ81176_0275 and CJJ81176_0276 on cheVAW operon promoter measured by β-galactosidase activities of the P cheVAWlacZ transcriptional fusions in the wild-type C. jejuni 81-176 and the indicated mutant strains. C. Motility analysis of the △cheVA mutant on soft agar. D. Capillary chemotactic analysis of the wild-type C. jejuni 81-176 and △CJJ81176_0275, △CJJ81176_0276 mutants. Relative chemotactic response (RCR) of tested strains toward serine was calculated as described in the Materials and Methods. For (A), (B) and (D), values represent the mean ± SD for three independent determinations and asterisks indicate statistically significant differences from the wild-type control (**p < 0.01, *p < 0.05). No asterisk label means no difference from the wild type.
or CJJ81176_0276 leads to the downregulation of the cheVAW-containing operon (referred to as the cheVAW operon hereafter). Complementation of CJJ81176_0275 to its knockout mutant can restore the expression level of this operon, but △CJJ81176_0276 mutant complementation only showed slightly improved expression.
To confirm the regulatory roles of CJJ81176_0275 and CJJ81176_0276 for the cheVAW operon promoter, we created lacZ reporter for the cheVAW promoter in the wild type, △CJJ81176_0275-0276 mutant and its complementation mutant. In agreement with the RNA-seq and qRT-PCR results, β-galactosidase assays indicated that the cheVAW promoter was positively controlled by these two proteins (Fig. 2B) . Therefore, the motility defect of these gene mutants on soft agar was most likely due to reduced expression of chemotaxis genes, which is consistent with the motility-defect phenotype of the △cheVA mutant on soft agar (Fig. 2C ). We next examined the chemotactic abilities of △CJJ81176_0275 and △CJJ81176_0276 toward the Campylobacter carbon source, serine, by capillary assays and indeed both mutants showed significant chemotactic defects compared to the wild-type strain (Fig.  2D ). Collectively, these data indicate that CJJ81176_0275 and CJJ81176_0276 are required for transcriptional regulation of the cheVAW operon; henceforth they are renamed as Chemotaxis regulators CheP (CJJ81176_0275) and CheQ (CJJ81176_0276) respectively.
CheQ binds the cheVAW promoter, and its DNA-binding ability is enhanced by the interaction with CheP
To identify whether CheP, CheQ or both directly bind to the cheVAW promoter to affect its expression, electrophoretic mobility shift assays (EMSAs) were performed. His-tagged recombinant proteins CheP and CheQ were purified and incubated with the upstream 300 bp DNA fragment of the cheV start codon. As shown in Fig. 3A , CheQ caused DNA mobility shift but CheP did not. Sequence analysis of the upstream region of the cheVAW operon from different Epsilonproteobacteria species that contain CheQ did not detect any obvious palindromic sequences. DNase I footprinting analysis identified the binding region within the cheVAW promoter for CheQ, which is also a conserved motif in cheVAW promoter sequences from different species containing CheQ homologs (Fig. 3B) . These results clearly show that CheQ and not CheP directly acts on the promoter of the cheVAW operon, although sequence analysis did not reveal any DNA-binding motif within CheQ.
Since the mutation of cheP leads to the downregulation of the cheVAW operon but CheP does not directly bind to the promoter, it is possible that this protein regulates target gene expression through interactions with the DNA-binding protein CheQ. To test this hypothesis, independent approaches were used to examine the interaction between these two proteins. First, a bacterial two-hybrid (BTH) system was used wherein CheP and CheQ were fused with two fragments of adenylate cyclase (T25 and T18) separately, which restores activity when the fragments are brought into close proximity by interaction of the two chimeric proteins. The results indicated that CheP and CheQ interacted with each other (Fig. 3C) . Second, GST pull-down experiments were carried out to verify the direct physical contact of these two proteins. In these experiments, GST-tagged recombinant CheP was immobilized to GST•Bind resin, and then incubated with purified His-tagged CheQ. After extensive buffer washes, the proteins retained on the resin were eluted and examined by SDS-PAGE. As shown in Fig. 3D , Histagged CheQ was retained on the resin through interaction with CheP.
We next explored whether the interaction of CheP and CheQ can change the binding efficiency of CheQ to the cheVAW promoter. EMSA experiments were performed and the results showed that the binding of CheQ to che-VAW promoter probes was enhanced by the addition of CheP in the reaction mixtures (Fig. 3E ). In addition, the amount of the probe that bound to CheQ increased with increasing amount of CheP. The above results demonstrate that CheP and CheQ interact with each other, and their interaction enhances the binding of CheQ to its target promoter.
Highly conserved residues of the HDOD are critical for CheP function and/or interaction with CheQ
As mentioned earlier, CheP contains one single HDOD domain. The exact function of HDOD is still unknown despite its wide distribution among different bacterial phyla. To explore the regulatory mechanism of CheP and also the HDOD, we examined the highly conserved residues of CheP homologs from diverse Epsilonproteobacteria and HDOD from other bacteria with crystal structures available in the Protein Data Bank (PDB) that show high similarity to the CheP structure. Sequence alignment of these HDOD suggested six absolutely conserved residues, namely L 16 , P A mutants exhibited chemotaxis defects compared with the wild type in capillary assays, suggesting alterations in CheP function (Fig. 4B) . We subsequently examined the substituted catalytic HD motif resides LR [146] [147] and the only HD 239-240 doublet present in the CheP sequence (Fig. S2 ) to see whether they are important for CheP function. Interestingly, replacement of these residues with alanine significantly reduced cheVA mRNA levels and the chemotaxis ability of C. jejuni ( Fig. 4A Further examination of the above critical residues in the CheP structure (Xu et al., 2006) located in the very center of the molecule, and are unlikely to serve as an interface for protein interaction, but mutations of them might affect overall protein structure or stability (Fig. S3B) . HD 239-240 lie in a 6 Å wide and 15 Å deep pocket, which might be a docking site for other molecules (Fig. S3C ) (Xu et al., 2006) . We next investigated whether the mutations of these functionally important residues, except for the center-localized LR [146] [147] , would affect the interaction between CheP and CheQ. As expected, in BTH experiments, alanine substitution of LP [16] [17] , W 199 or HD [239] [240] in CheP all abolished its interaction with CheQ (Fig. 4C) .
The structure of CheQ revealed two domains with an extended positively charged surface patch
To gain insight into the molecular features of CheQ that allow for its modulation capacity as a transcription factor, the crystal structure of the protein was determined to 2.6 Å using the single-wavelength anomalous diffraction (SAD) method. Data collection and model refinement statistics are summarized in Table S2 . Guided by the clear electron density map, all CheQ residues from M 1 to Y 158 were successfully traced. These amino acids fold into an overall 'short-rod'-like structure that can be further divided into two domains. Domain I extends from M 1 to Q 66 and consists mainly of four β-strands (s1-s4) forming a sheet at the bottom, four helices (h1-h4) and linking loops on the top. It is interesting that this 4-stranded β-sheet is assembled such that strands s2-s4 are arranged in an antiparallel manner but s1 in a parallel way (Fig. 5A ). Disregarding this strand-assembly mode, domain I exhibits on the whole a certain structural resemblance to the winged helix-turn-helix (HTH) that is commonly observed in DNA-binding proteins. Domain II, with residues F 73 -Y 158 , is also a typical α/β structure. The center of the domain is composed mainly A. An overview of the CheQ structure. On the whole, the CheQ structure can be divided into two domains, which are colored green and magenta respectively. The six-residue linker connecting domain I to domain II is highlighted in cyan. The secondary structure elements and those residues referred to in the text are marked. of four α-helices (h5-h8) and is further sandwiched at both the top and bottom by two three-stranded antiparallel β-sheets that are constituted by strands s5-s7 and s8-s10 respectively. The bottom sheet also contains a long inter-strand loop (the s8-s9 loop) connecting the s8 and s9 strands. A disulfide bond is formed between C 135 and C 154 , linking the s8/s9 loop to strand s10 for stabilization (Fig. 5A) . Overall, the two domains are connected via a six-residue loop with amino acids C 67 -G 72 (Fig. 5A ).
To identify any potential homologous structures within the PDB to the CheQ structure, a DALI search (Holm and Laakso, 2016) was performed, but no significant structural similarity to full-length CheQ was observed, indicating that this structure represents a new fold. Several structures showing distant homologies to the individual domains of CheQ were identified. The top two of these, as illustrated by the highest DALI Z-scores, are the DNA-binding domain of the bacteriophage Mu transposase (PDB code: 1TNS, Z-score: 4.4) and the DNAbending protein Xis from Mycobacteriophage Pukovnik (PDB code: 4J2N, Z-score: 4.1). The former, which is defined as a novel class of winged HTH protein (Clubb et al., 1994) , can be roughly aligned to domain I of CheQ (Fig. 5B) . While the latter, which is believed to bind DNA via a winged helix motif (Singh et al., 2014) , exhibits limited structural similarity to CheQ domain II (Fig. 5C ). This may indicate that CheQ recognizes DNA via both its domains.
To further understand the structural characteristics of CheQ that are possibly involved in DNA binding, the surface electrostatic distribution pattern was analyzed. As shown in Fig. 5D , an extended surface patch with continuous and strong positive charges was identified on one side of the molecule, creating an appropriate ligand-binding site for DNA engagement. It is also noteworthy that both domains of the protein contribute extensively to the observed surface charges, echoing our DALI search results that showed that the two domains individually exhibit, to a large extent, the characteristics of winged HTH and winged helix motifs and are likely both involved in DNA binding.
Discussion
It is well known that the gene expression of flagellar systems in bacteria needs to be spatially and temporally regulated. However, the gene regulation of the motility navigator, chemotaxis systems, have been far less studied. Here, we report two novel regulators, CheP and CheQ, which exclusively activate transcription of chemotaxis core genes in C. jejuni. These two proteins interact with each other, with CheP promoting CheQ binding to the cheVAW operon promoter. Mutagenesis analyses found that highly conserved residues LP Our results demonstrate that both of these proteins are essential for the proper expression of cheVAW and are important for efficient chemotactic response of C. jejuni. This two-protein pair is similar to classical two component system regulators, but their domain organization and functional mechanism are quite different. Based on experimental and structural evidence, CheQ simply serves as a signal output protein by binding to its target promoter, while CheP is more like a signal transducer that can direct CheQ function. It is also possible that CheP assists CheQ to bind to DNA more efficiently although CheP itself does not bind to cheVAW promoter directly. What signals can trigger these two proteins, particularly CheP, to activate the chemotaxis gene expression? This is an interesting question, the answer to which may uncover new signaling pathways or links between chemotaxis and other known cellular processes. Additionally, since previous studies have identified these proteins as essential host colonization factors of C. jejuni (Hendrixson and DiRita, 2004; Gao et al., 2017; de Vries et al., 2017b) , our functional and structural studies may provide important information for the development of new anti-virulence drugs to combat campylobacteriosis.
Furthermore, our studies of the HDOD of CheP protein are another interesting aspect of this study. HDOD are commonly found in different proteins of diverse bacteria; the Pfam database shows that currently there are 3787 sequences containing this domain (PF08668, https:// pfam.xfam.org/family/PF08668#tabview=tab1) (Finn et al., 2016) . Among them, 2492 sequences are HDOD only, while the others are multi-domain proteins having HDOD fused most often with EAL, REC or GGDEF domains, suggesting a role for these proteins in signaling or gene regulation. Despite sharing structural similarity with HD family proteins with known phosphodiesterase activities, the substituted HD doublet precludes its metal-dependent phosphohydrolase function toward cyclic nucleotides. However, the possibility cannot be excluded that CheP or its HDOD are enzymatically active for other nucleotide analogs. An example of an HD domain (but not HDOD) lacking the typical HD residues in the multidomain effector protein SdeA of the pathogenic Legionella pneumophila was recently characterized as a functional phosphodiesterase, which can cleave the phosphodiester bond in ADP-ribosylated ubiquitin (Bhogaraju et al., 2016; Qiu et al., 2016 residues are less solvent-exposed with their side chains protruding toward the molecule interior. We therefore inferred that the pocket containing HD [239] [240] , which has been suggested as the active site of CheP in a previous structural report (Xu et al., 2006) , is possibly an interacting region for CheQ. The LP 16-17 /W 199 pair, however, are likely required for protein stability and/or the proper folding of its regional structure, allosterically affecting the binding of CheP to CheQ. Future studies might focus on the crystal structure of the CheP/CheQ complex, which would give an atomic view on the binding details between the two molecules and shed light into the regulatory mechanism of HDOD proteins.
Experimental procedures
Bacterial strains and culture conditions
The complete list of strains, plasmids and primers used in this study is shown in Tables S3 and S4 respectively. The C. jejuni 81-176 wild-type and mutant strains were grown on blood agar plates (Trypticase soy agar supplemented with 5% sheep blood) at 37°C in BACTROX-2 microaerobic chamber (SHELLAB, USA) equilibrated to a 5% O 2 and 10% CO 2 atmosphere. The C. jejuni transformants were selected on brucella broth agar plates supplemented with 50 μg/ml kanamycin, 50 μg/ml apramycin and/or 7.5 μg/ml chloramphenicol, as indicated below. For liquid cultures, C. jejuni strains were grown in BHI medium. All C. jejuni strains were stored at −80°C in BHI broth containing 30% glycerol.
C. jejuni mutant strain construction C. jejuni 81-176 knockout mutant strains were constructed as previously described (Novik et al., 2009) . Briefly, flanking regions of the selected open reading frames (ORFs) were PCR amplified, inserted with a kanamycin (aphA3) resistance cassette in the middle, and cloned into the pBluescript II SK by the Gibson assembly protocol (Gibson et al., 2009) . The resulting plasmids were used to move the mutated alleles into the chromosome of C. jejuni 81-176 by natural transformation and allelic recombination. Notably, since cheP and cheQ are co-transcribed, the kanamycin resistance cassette used for creating the △cheP mutant is a nonpolar design based on plasmid pACH1 as described by Cameron and Gaynor (2014) . Basically, this cassette is promoterless and terminatorless with translational stop codons in all reading frames preceding the 5′-end of the ribosome binding site (RBS) of the aphA3 encoding sequence, and another RBS following at the 3′-end to overcome translational coupling of the downstream cheQ gene. With this exception, the kanamycin resistance cassette used for all of the other gene knockout mutants contained a constitutive promoter but no terminator, cloned from plasmid pILL600. Complementation of the mutant strains of C. jejuni was achieved by introducing a wild type copy of the gene(s) at the hsdM locus as previously described (Watson et al., 2007) . The plasmids and primers used to generate the mutants are listed in Tables S3 and S4 respectively.
Motility plate assay and chemotaxis capillary assay
For motility plate assays, the optical density at 600 nm (OD 600 ) of the bacterial cultures to be tested was adjusted to 0.5 and spotted onto soft agar (0.3% [wt/vol]). Plates were incubated for 16 h at 37°C in the microaerobic chamber, and the swarming diameter of the tested strain was compared to those of the wild-type strain and the non-motile C. jejuni △motA mutant strain. For capillary assays, bacterial cells were collected from the plates, washed three times with PBS buffer, and finally adjusted to an OD 600 of 0.5. Then, 100 μl of bacterial suspensions was placed into a 96-well plate. Meanwhile, a solution containing 20 mM serine in PBS buffer or PBS buffer alone (served as control) was aspirated through thermal expansion into a 1 μl capillary tube (Drummond Microcap, USA). The tubes were fitted to the 96-well plate and immersed into the bacterial suspension. The 96-well plate was incubated at 37°C in a microaerobic chamber for 15 min. Finally, the capillary tubes were separated from the bacterial suspension and cleaned externally with PBS buffer. The liquid content inside the capillary tubes was serially diluted in PBS buffer and plated onto brucella broth agar to count colony-forming units (CFUs). To ascertain whether the bacteria had a chemotactic response to the attractant, the relative chemotaxis response (RCR) was calculated as the ratio between the number of bacteria entering the capillary tube with the attractant and the number of bacteria in the control condition (Cerda et al., 2011 ). An RCR of 2 or greater was considered a significant response. Each assay was performed in triplicate, and differences between groups were analyzed statistically using Student's t test.
RNA extraction, RNA-seq and quantitative real-time PCR (qRT-PCR)
C. jejuni 81-176 wild-type and △cheP and △cheQ mutants were harvested during the mid-exponential phase, and RNA extraction was performed using Trizol (TaKaRa, Japan) following the manufacturer's instructions. The purity and concentration of the RNA were determined by gel electrophoresis and a NanoDrop spectrophotometer (Thermo Scientific, USA). Samples were submitted to Novogene (Beijing, China) for library construction and sequencing on an Illumina HiSeq 4000 system. The sequencing reads were mapped to the C. jejuni 81-176 genome using Bowtie 2-2.2.3. HTSeq 0.6.158 was used to count the read numbers mapped to each gene, and then the RPKM (reads per kilobase per million reads) of each gene was calculated. Differential expression analysis of mutant vs. wild type was performed using the DESeq R package (1.10.1). Genes with an adjusted p-value < 0.0001 found by DESeq and RPKM value > 10 in the wild-type sample were assigned as differentially expressed.
For qRT-PCR analyses, total RNA was extracted as described above, followed by DNase I treatment.Then RNA was transcribed using the iScript™ cDNA Synthesis Kit (Bio-Rad, USA). Transcript levels were determined with SsoAdvanced™ Universal SYBR Green Supermix (BioRad) in a CFX96 Connect TM Real-Time PCR Detection System (Bio-Rad). The following cycling parameters were used: 95°C for 30 s followed by 40 cycles of 94°C for 15 s and 60°C for 30 s. For standardization of results, the abundance of the gltX gene was used as an internal standard. The relative expression levels of target genes were calculated using the Quantitation-Comparative CT(2 −△△CT ) method (Livak and Schmittgen, 2001) .
Construction of cheVAW promoter reporter strains and β-galactosidase assay
To construct a lacZ reporter strain for measurement of cheVAW promoter activity in C. jejuni 81-176 wildtype and various mutants, plasmid pG0226 was generated to transfer transcriptional fusion of the cheVAW promoter with the lacZ gene into C. jejuni strains. The upstream ~1 kb sequence of the cheV gene right before its start codon and the cheV encoding sequence with its own RBS from C. jejuni 81-176 were PCR amplified and cloned into pBluescript II SK by the Gibson assembly method. Then, this plasmid was inserted with a PCR fragment of the promoterless lacZencoding gene (from plasmid pSB4696) and aparamycin resistance cassette with a constitutive promoter (from plasmid pG0222) right after the cheV upstream sequence by Gibson assembly. The resulting pG0226 plasmid contained the cheV upstream promoter fused with the lacZ gene, aparamycin resistance cassette and cheV gene in order in the pBluescript II SK vector. This plasmid was then transformed into different C. jejuni strains for allelic recombination to generate the cheVAW promoter reporter strain. -galactosidase activities were determined using a kinetic assay as described (Battesti and Bouveret, 2012) .
Protein expression and purification
The coding regions of CheP and CheQ were PCR amplified and fused to the expression vector pET-28a by Gibson assembly respectively. The fusion gene constructs were transformed into E. coli strain BL21. For protein expression, 5 ml of overnight culture of the E. coli strain harboring the appropriate plasmid was transferred to 500 ml of LB medium with 50 μg/ml kanamycin and grown until OD 600 of 0.6~0.8 was reached. After adding IPTG (isopropyl thio-d-galactopyranoside) to a final concentration of 0.1 mM, the cultures were further incubated in a shaker at 18°C for 16-18 h. Bacterial cells were harvested by spinning at 5000 g, resuspended in PBS buffer and lysed by JN-Mini ultra-high-pressure continuous flow cell disrupters (JNBIO, China). The soluble fractions were collected by centrifugation at 12,000 g for 30 min at 4°C. His-tagged proteins were purified with Ni-NTA Agarose (Qiagen, Germany) following the manufacturer's instructions.
Electrophoretic mobility shift assay (EMSA)
The promoter region of the cheVAW operon (300 bp) was PCR amplified and gel purified, then labeled with biotin using a Biotin 3′-end DNA labeling Kit (Thermo Scientific, USA). For the binding reactions, various amounts of biotin-labeled DNA were incubated with purified 6×His-CheP or 6×His-CheQ protein in binding buffer as suggested by the LightShift Chemiluminescent EMSA Kit (Thermo Scientific, USA). In one of the control samples, excess amount of unlabeled target DNA was added to compete for protein binding as a control. In addition, BSA (bovine serum albumin) that does not bind to target DNA was added to one of the reactions as a negative control. The reaction samples were then run on a 6% polyacrylamide gel and the DNA was transferred to a nylon membrane, followed by UV crosslinking at 302 nm. The biotin-labeled probes were detected by chemiluminescence according to the manufacturer's protocol.
DNase I footprinting assay
The 193 bp promoter sequence of cheVAW operon was PCR amplified using forward and reverse primers modified with FAM and HEX respectively. The FAM/HEX-labeled probes were gel purified and quantified with NanoDrop spectrometer (Thermo Scientific, USA). For the DNase I footprinting assay, 20 mM probes were incubated with 2 nM of 6×His-CheQ in a total volume of 40 μl in buffer containing 10 mM HEPES (pH 7.3), 25 mM KCl, 2.5 mM MgCl 2 , 0.25% NP-40, 25 ng/μl poly(dI·dC) and 1.25% glycerol. After incubation for 30 min at 25°C, add 10 μl of solution containing about 0.03 unit DNase I (NEB). The reaction was stopped by 200mM EDTA. DNA Samples were then extracted with phenol/chloroform, precipitated with ethanol and the pellets were dissolved in 25 μl of ddH 2 O. The samples were run with the 3730 DNA Analyzer, and viewed with Peak Scanner (Applied Biosystems).
BTH assay
The BTH assays were performed as described (Battesti and Bouveret, 2012) . Basically, derivatives of plasmids pKNT25 and pCH363 were co-transformed into E. coli BTH101 and plated on LB agar containing ampicillin (100 μg/ml) and kanamycin (50 μg/ml). Then multiple transformants from each pair of plasmids transformation was inoculated to individual tubes with 1 ml of LB broth containing the same antibiotics and additional 0.5 mM IPTG. The cultures were grown overnight at 30°C with shaking. The next day, 2 μl of each culture were dropped on LB plates containing the antibiotics, 0.5 mM IPTG and 40 μg/ ml X-Gal. The plates are then incubated at 30°C for 48 h.
GST Pull-down assay
In the GST pull-down assay, GST-CheP or GST alone (served as a control) was used as bait, while 6×His-CheQ was used as prey. About 10 mg of GST-CheP or GST were immobilized onto GST•Bind resin (Novagen, USA), then 10 mg of 6×His-cheQ was added in binding buffer containing 0.2% Triton X-100, 50 mM Tris-Cl (pH 7.4), 100 mM NaCl, 15 mM EDTA and 1 mM PMSF. The mixture of resin and protein samples were incubated at 4°C with slight rotation for 2 h. Then, the resin was washed three times by binding buffer to remove the unbound proteins, and 100 μl 1× SDS-PAGE loading buffer was added for analysis by 12% SDS-PAGE.
Site-directed mutagenesis of cheP
Point mutations in the cheP gene were introduced into the plasmid pG0133, which was used to complement the chePQ operon with its native promoter into the △chePQ mutant (Table S3 ). This complementation plasmid contain the following fragments in order for recombination into the hsdM locus in △chePQ mutant: hsdM gene part 1-chloramphenicol cassette-chePQ-hsdM gene part 2, which allows the selection of transformants by resistance to chloramphenicol. All the constructed plasmids pG0139-0144 (derived from pG0133, see Table  S3 ) were sequenced to confirm the desired point mutation in cheP gene. Briefly, to introduce the point mutations, the plasmid pG0133 was amplified with primer pairs that contained the desired nucleotide substitutions and assembled into a circular plasmid through Gibson assembly. The reaction mix was then digested with DpnI and transformed into E. coli DH5α and mutations were confirmed by sequencing the plasmids. Finally, the verified plasmids were transformed to the △chePQ mutant to generate mutated cheP in the chromosome of C. jejuni 81-176. Similarly, point mutations in the cheP gene copy within the BTH plasmid were generated by the same Gibson assembly method.
Structural analysis of CheQ
For protein crystallization, the 6×His-CheQ was purified with a three-step procedure: Ni 2+ -NTA affinity chromatography, gel filtration and Mono S cationic exchange chromatography. The purified target protein was then concentrated to 10 mg/ml and directly used for crystallization experiments. The crystallization experiments were performed using the commercially available kits (Hampton Research and Molecular Dimensions) , and conditions that can support crystal growth were then optimized. High-quality crystals of the native protein were obtained under a condition composed of 1 M BIS-TRIS, pH 5.5 and 3.0 M sodium chloride, and crystals of the SetMet-labeled protein were finally obtained under a condition of 0.1 M sodium citrate and 2.0 M sodium chloride. Both the native and the single-wavelength anomalous diffraction (SAD) data were collected at Shanghai Synchrotron Radiation Facility (SSRF) BL17U1 at 0.9778 Å wavelength. The CheQ structure was determined with the 2.9 Å selenium SAD data and final statistics for data collection and structure refinement are summarized in Table S2 . All structural figures were generated using PyMOL (https://pymol.sourceforge.net). For detailed protocol regarding CheQ protein expression, purification, crystallization and structure refinement, see Supplementary information.
